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Summary
The formation of boundaries between or within tis-
sues is a fundamental aspect of animal development.
In the developing vertebrate hindbrain, boundaries
separate molecularly and neuroanatomically distinct
segments called rhombomeres. Transplantation studies
have suggested that rhombomere boundaries form by
the local sorting out of cells with different segmental
identities [1–4]. This sorting-out process has been
shown to involve repulsive interactions between cells
expressing an Eph receptor tyrosine kinase, EphA4,
and cells expressing its ephrinB ligands [5–7]. Al-
though a model for rhombomere-boundary formation
based on repulsive Eph-ephrin signaling is well es-
tablished in the literature, the predictions of this
model have not been tested in loss-of-function ex-
periments. Here, we eliminate EphA4 and ephrinB2a
proteins in zebrafish with antisense morpholinos
(MO) and find that rhombomere boundaries are dis-
rupted in EphA4MO embryos, consistent with a
requirement for Eph-ephrin signaling in boundary for-
mation. However, in mosaic embryos, we observe that
EphA4MO cells and EphA4-expressing cells sort from
one another, an observation that is not predicted by
the Eph-ephrin repulsion model but instead suggests
that EphA4 promotes cell adhesion within the rhom-
bomeres in which it is expressed. Differential cell ad-
hesion is known to be an effective mechanism for cell
sorting. We therefore propose that the well-known
EphA4-dependent repulsion between rhombomeres
operates in parallel with the EphA4-dependent adhe-
sion within rhombomeres described here to drive the
cell sorting that underlies rhombomere-boundary for-
mation.
Results and Discussion
EphA4 and ephrinB2a Are Required for
Rhombomere-Boundary Formation
In the zebrafish hindbrain, interacting Ephs and ephrins
are expressed in complementary, rhombomere-restricted
domains such that each rhombomere boundary forms at
an interface between one or more receptor-ligand pair*Correspondence: cmoens@fhcrc.org
2Present address: Comparative Genomics Group, MRC Rosalind
Franklin Centre for Genomics Research, Wellcome Trust Genome
Campus, Hinxton, Cambridge CB10 1SB, UK.(Figure S1A [7–11]). We knocked down EphA4 (ex-
pressed in r3 and r5) and ephrinB2a (expressed in r1,
r4, and r7) with antisense morpholinos (MO) and found
that they eliminate the corresponding proteins by
whole-mount immunostaining (Figure S1B–S1E) and
Western blotting (data not shown). In embryos injected
with EphA4MO, we observed a subtle but consistent
disorganization of the boundaries of krox20 expression
at 18 hr postfertilization (hpf) [12], with the outer bound-
aries of krox20 expression (r2/3 and r5/6) being most
strongly affected (Figures 1A and 1B). Analysis of
boundary-specific markers sema3Gb, foxb1.2, and rfng
showed a corresponding effect (Figures 1E and 1F and
data not shown). Although knocking down ephrinB2a
alone has very little if any effect on rhombomere bound-
aries (Figures 1C and 1G), in embryos injected with
both EphA4MO and ephrinB2aMO, krox20 expression
and boundary-specific markers are disorganized or ab-
sent throughout the segmented region of the hindbrain
(Figures 1D and 1H). We infer that loss of EphA4 and
ephrinB2a results in a failure of cell sorting at the form-
ing boundary, and as a result, a specialized boundary
cell population is not specified.
Neuronal Patterning Defects in Embryos Lacking
Normal Rhombomere Boundaries
Segmentation is thought to be an evolutionary mecha-
nism for generating regional diversity within a tissue
because segment boundaries allow adjacent popula-
tions of cells to follow distinct developmental trajecto-
ries and acquire different fates. In the hindbrain, the
function of segment (rhombomere) boundaries has only
been tested under conditions that disrupt overall ante-
rior-posterior patterning of the hindbrain [13], so the
specific functions of rhombomere boundaries in neural
patterning has not been addressed. In EphA4MO and
EphA4MO; ephrinB2aMO embryos, the specification of
regional identities along the anterior-posterior axis based
on hox gene expression is normal (data not shown);
however, neuronal populations that are normally sepa-
rated by rhombomere boundaries are fused. At 26 hpf,
segment-restricted domains of early neuronal differen-
tiation are disorganized in EphA4MO embryos and
EphA4MO; ephrinB2aMO embryos (Figure S2). At 48
hpf in wild-type embryos, motor neurons of the trigemi-
nal nerve (nV) have differentiated in r2 and r3, and mo-
tor neurons of the abducens nerve (nVI) have differenti-
ated in r5 and r6 (Figures 1I and 1M) [14–16]. In
EphA4MO embryos, these motor neuron clusters are
closer together or fused (Figures 1J and 1N), and in
EphA4MO; ephrinB2aMO embryos, these phenotypes
are even more severe (Figures 1L and 1P).
These effects on neuronal patterning are consistent
with the effects we observed on krox20 and boundary-
specific markers. We infer that rhombomere bound-
aries have an important function in separating neuronal
populations in the hindbrain. Motor neurons in adjacent
rhombomeres normally have distinct functions: for ex-
ample, trigeminal motor neurons in r2 innervate the ab-
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537Figure 1. EphA4 and ephrinB2a Are Required for Normal Rhombomere Boundaries and Hindbrain Neuronal Patterning
(A–H) Whole-mount RNA in situs in lateral views with anterior to the left showing expression of krox20 at 18 hpf (A–D) and sema3Gb at 20
hpf (E–H) in embryos treated as indicated at top. Although r3 and r5 are specified normally in each condition, the boundaries of r3 and r5 are
disorganized in EphA4MO and EphA4MO; ephrinB2aMO-injected embryos. Asterisks in (F) indicate missing r2/3 and r5/6 boundaries, dotted
lines in (F) and (H) indicate incomplete boundaries.
(I–P) Fusion of segmental motor nuclei in embryos lacking rhombomere boundaries. (I–L) Confocal images showing isl1-GFP expression in
trigeminal motor neurons in r2 and r3 (arrows) and DM-GRASP immunoreactivity in hindbrain commissures that project along rhombomere
boundaries (red staining, indicated by white arrowheads). Treatments are as for (A)–(H). Images show dorsal views of the right side of each
embryo with anterior to the left. The dotted line indicates the midline. Green arrowheads indicate the VIIth (facial) motor nerve, which exits
the hindbrain in r4. Note that trigeminal motor nuclei lie close together in EphA4MO embryos (J) and are fused in EphA4MO; ephrinB2aMO
embryos (L).
(M–P) Confocal images showing DM-GRASP immunostaining of abducens motor neurons at 44 hpf (arrows). Embryos are shown in dorsal
views with anterior to the left; dotted line indicates the midline. Note that abducens motor nuclei are closer together or fused in EphA4MO
embryos (N) and are entirely fused in EphA4MO; ephrinB2aMO embryos (P). Although the cell bodies in (N) are fused on one side, the axons
that project ventrally out of the hindbrain are not (arrowheads in inset). In contrast, both cell bodies and axons are fused in (P) (arrowheads
in inset). Scale bars, 50 m.ductor mandibulae muscle, whereas trigeminal motor
neurons in r3 innervate four other muscles in the first
pharyngeal arch [15]. We predict that this specificity of
target innervation may be lost in the absence of the
r2/3 boundary and that the autonomy of movement of
first arch-derived muscles may be correspondingly
compromised.
EphA4 Is Required for Normal Cell Adhesion
within r3 and r5
Our observations thus far are consistent with an impor-
tant role for EphA4 and ephrinB2a in rhombomere-
boundary formation and/or maintenance, as predicted
by the Eph-ephrin repulsion model [6, 17–19]. A further
prediction of this model is that because cell sorting is
the active response to Eph-ephrin signaling, cells lack-
ing Eph expression will be essentially inert, being nei-
ther able to induce a repulsive response by activating
reverse signaling in adjacent cells nor to initiate a cell-
autonomous repulsive response to ephrin signals. In or-der to test this prediction, we made mosaic embryos in
which EphA4MO cells were transplanted into the hind-
brain of a wild-type host and vice versa. To aid in this
analysis, we used a transgenic line, pGFP5.3, that ex-
presses GFP in r3 and r5 as host embryos [20].
The prediction of the repulsion-based model is that
cells lacking EphA4 will be able to contribute normally
to all rhombomeres. However, this is not what we ob-
served. Although EphA4MO cells contribute normally to
even-numbered rhombomeres, they sort robustly to the
edges of r3 and r5 of wild-type host embryos (Figure
2B; n = 59/70 mosaics). In occasional cases where
EphA4MO cells were transplanted into the dorsal hind-
brain, they were observed to accumulate at the dorsal-
most surface of r3 and r5 (data not shown). The sorting
out of EphA4MO cells, which is not observed in control
mosaics (Figure 2A), is rescued by coexpression of full-
length zebrafish EphA4 (Figure S3). EphA4MO cells that
accumulate at the edges of r3 and r5 maintain expres-
sion of r3 and r5 markers and do not appear to move
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538Figure 2. EphA4 Is Required for Normal Cell Adhesion in r3 and r5
18 hpf mosaic embryos in which donor cells (red) were transplanted into pGFP5.3 transgenic hosts that express GFP in r3 and r5 and in the
otic vesicle (ov). The middle and right columns are single channel images of the overlaid images shown in the left column. All embryos are
shown in dorsal view with anterior to the left. (A) Uninjected or control MO-injected donor cells contribute evenly throughout the hindbrain of
a wild-type host. (B) EphA4MO donor cells are excluded from r3 and r5 of a wild-type pGFP5.3 host and accumulate inside the boundaries.
In occasional cases where EphA4MO cells were transplanted into the dorsal hindbrain, they were observed to accumulate at the dorsal-most
surface of r3 and r5 (data not shown). (C) Uninjected or control MO-injected donor cells form tight unilateral clusters in the centers of r3 and
r5 of an EphA4MO pGFP5.3 host (arrowheads in C#). These clusters are not GFP positive because the donor did not carry the transgene.
Brackets indicate r3 and r5; scale bar, 50 m.into the adjacent rhombomeres (Figures 3A and 3B),
although with this analysis we cannot rule out the pos-
sibility that some EphA4MO cells move into adjacent
rhombomeres and change their identity to match that
of their neighbors. In the converse transplantation ex-
periment, in which uninjected or control MO-injected
cells were transplanted into an EphA4MO host, donor
cells formed large, tightly adherent clumps in r3 and
r5, which form sharp boundaries with the surrounding
EphA4MO cells (Figure 2C). Like the surrounding host
cells, these clusters have r3 and r5 identity (Figure S4C).
This unexpected cell sorting behavior could result
from upregulation of ephrin expression in EphA4MO
cells, which would cause them to sort out of r3 and r5
through the well-established Eph-ephrin repulsion mech-
anism. However, neither of the two B-type ephrins nor-
mally expressed in the hindbrain are upregulated in r3
and r5 of EphA4MO embryos (Figures S5A–S5D). Fur-
thermore, knocking down these ephrins in EphA4MO
cells did not restore their ability to contribute to r3 and
r5 in mosaics (data not shown).
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The sorting out of EphA4MO cells is consistent with
(
EphA4 being required for cells within r3 and r5 to ad- a
here normally to one another. Cells lacking EphA4 are t
rat an adhesive disadvantage and sort to the exterior of
ethe EphA4-expressing cells. Differential cell adhesion is
Tan effective mechanism for cell sorting both in tissue
qrecombinates and in vivo [21–26]. We propose that
(
EphA4-dependent adhesion contributes to the cell p
sorting process that underlies rhombomere-boundary s
mformation (Figure 3). At the forming boundaries of r3igure 3. Model for the Role of EphA4 in Rhombomere-Boundary
ormation
A) At the forming boundary, where EphA4-expressing cells (blue)
re intermingled with ephrinB-expressing cells (pink), contact be-
ween EphA4-expressing and ephrinB-expressing cells leads to a
epulsive response [6]. At the same time, contacts between EphA4-
xpressing cells leads to an EphA4-dependent adhesive response.
he ligand for EphA4 within r3 and r5 is unknown (indicated by a
uestion mark).
B) Cell sorting involving both repulsion between unlike cells and
referential adhesion between like cells is thermodynamically more
table because it minimizes repulsive interactions (red bars) and
aximizes adhesive interactions (black joiners).
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539and r5, where EphA4-expressing and ephrinB-express-
ing cells are intermingled, contact between EphA4-
expressing and ephrinB-expressing cells leads to bi-
directional repulsion (left side of Figure 3A) [6]. At the
same time, contact amongst EphA4-expressing cells
leads to increased adhesion that is dependent on
EphA4 and an as-yet unidentified ligand (right side of
Figure 3A). The combination of EphA4-dependent inter-
rhombomere repulsion and EphA4-dependent intra-
rhombomere adhesion means that the hypothetical
sorting event schematized in Figure 3B not only mini-
mizes repulsive interactions (represented by red bars
between unlike cells) but maximizes adhesive interac-
tions (represented by black joiners between like cells).
It is somewhat surprising that EphA4MO cells do not
appear to pass into even-numbered rhombomeres,
given that EphA4 has been specifically implicated in
repulsion at rhombomere boundaries [6]. This indicates
that EphA4 activity does not alone prevent cells from
crossing boundaries. It is possible that, having r3 and
r5 identity, EphA4MO cells do not express genes that
are required for cells to adhere within even-numbered
rhombomeres. Alternatively, other Eph receptors ex-
pressed in r3 and r5 may allow EphA4MO cells to re-
spond to repulsive ephrinB signals in even-numbered
rhombomeres.
Although repulsion is the most common and well-
understood outcome of Eph-ephrin interactions, a num-
ber of examples of Eph-ephrin-dependent adhesion have
recently been described, sometimes in the very cells
that under different conditions exhibit repulsion (re-
viewed in [27–29]). Several mechanisms have been pro-
posed for how Eph-ephrin interactions can promote ad-
hesion (reviewed in [28]). Adhesion can be promoted by
conditions that prevent the cleavage or internalization
of the inherently adhesive ligand-receptor complex [30–
32], or repulsion and adhesion may be alternate re-
sponses to different receptor-ligand stoichiometry [33,
34] and/or to trans- (on different cells) versus cis (on
the same cell)-expression of receptor-ligand pairs [35–
37]. At rhombomere boundaries, trans-interactions be-
tween EphA4-expressing cells and cells strongly ex-
pressing ephrinBs could lead to repulsion, whereas
within r3 and r5, cis-interactions between EphA4 and
weakly expressed A-type or B-type ligands could pro-
mote adhesion. Although ephrinB2a and ephrinB3 are
not expressed in r3 and r5, we have found that at least
two other ephrins, ephrinA2 and ephrinA5 have low-level
homogeneous expression throughout the hindbrain dur-
ing early somite stages and could act as ligands for
EphA4-dependent adhesion (J.E.C., unpublished data).
Finally, the effects of EphA4 signaling could be modu-
lated by downstream effectors that are differentially ex-
pressed within the hindbrain (reviewed in [28]).
Cell Sorting in EphA4MO Mosaics Corresponds
with the Timing of Boundary Sharpening
In normal embryos, boundaries of segmental gene ex-
pression are initially ragged and become razor sharp
between about 10 hpf (1 somite stage) and 14 hpf (10
somite stage) (Figures 4A–4E), and we infer that this is
the period of active cell sorting leading to boundary
sharpening. This period corresponds with the formationof the neural keel, the precursor to the neural tube, dur-
ing which neuroepithelial cells elongate mediolaterally
to form stable apical contacts with the midline of the
forming neural keel and then divide across the midline,
generating bilateral clones [38–41].
We reasoned that if the sorting out of EphA4MO cells
from EphA4-expressing rhombomeres coincided with
the timing of normal rhombomere-boundary formation,
this would argue that adhesive differences between
EphA4-expressing and -nonexpressing cells could con-
tribute to boundary sharpening during normal develop-
ment. We made confocal time-lapse movies of mosaic
embryos in which EphA4MO cells were transplanted to
a wild-type pGFP5.3 host (Figure 4). At t = 0, correspond-
ing to the 3 somite stage, donor-derived EphA4MO
cells contribute homogeneously to the left side of the
hindbrain (Figure 4F). At this stage, some donor-derived
neuroepithelial cells are contacting the midline, and a
few have divided across it (arrowheads). Over the next
3 hr, as GFP expression becomes detectable in r3 and
r5 (square brackets), donor-derived cells in r4 and r6
continue to divide across the midline (arrowheads, Fig-
ures 4H and 4I), whereas those in r3 and r5 retract from
it. By the 9 somite stage, donor-derived cells in r2, r4,
and r6 have contacted the basal surface on the right
side (arrowheads in Figure 4I and data not shown), but
those in r3 and r5 have lost contact with the midline and
are beginning to be excluded in an anterior-posterior
direction, first from the center of r3 (asterisk in Figures
4I–4L) and slightly later from r5 (dot in Figures 4K and
4L). This corresponds with the earlier onset of EphA4
expression in r3 [42]. By the end of the time lapse,
EphA4MO cells have accumulated at the edges of r3
and r5 on both sides of the midline (Figure 4L, corre-
sponding to the 13–14 somite stage). These time-lapse
analyses demonstrate that the sorting of EphA4MO
cells from wild-type host cells corresponds precisely
with the normal boundary sharpening period and re-
sults from the failure of EphA4MO cells to form and
maintain normal contacts with neighboring EphA4-
expressing host cells, either adjacent to them or across
the midline.
Boundary sharpening coincides with the dramatic
morphogenetic movements that change the neural
plate into the neural keel, a process that requires single
cells to make changing contacts with their neighbors
while maintaining the integrity of the neuroepithelium
[38]. Although EphA4 is not strictly required for cells in
r3 and r5 to undergo these movements, differences in
adhesion between EphA4-expressing and -neighboring
EphA4MO cells in mosaic embryos prevent EphA4MO
cells from participating in these movements when
transplanted into a wild-type host embryo. Extrapolat-
ing from these cell behaviors in mosaics to the normal
boundary formation process, we hypothesize that dur-
ing neural keel formation, preferential adhesion between
EphA4-expressing cells prevents non-EphA4-expressing
cells (i.e., cells with even-numbered rhombomere iden-
tities) that find themselves within the presumptive r3
and r5 territories from participating in the normal mor-
phogenetic movements associated with neural keel for-
mation. As a result, non-EphA4-expressing cells are
excluded from EphA4-expressing territories.
The relative degrees to which EphA4-dependent re-
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(A–E) Whole-mount RNA in situs showing the sharpening of boundaries of krox20 expression in r3 and r5 between 10 and 14 hr post
fertilization (hpf). Embryos in (A)–(D) are shown in dorsal view with anterior to the top; embryo in (E) is in lateral view. nc, neural crest.
(F–L) Confocal time lapse of EphA4MO cells (red) transplanted into a wild-type pGFP5.3 host embryo, showing that EphA4MO cells fail to
undergo normal morphogenetic movements in mosaics. Dorsal views, with anterior to the left. (F) At t = 0 (3 somites; 11 hpf), donor-derived
cells are homogeneously distributed along the transplanted (left) side of the embryo and are beginning to make contacts with the midline
(dotted line). The subsequent time points correspond to approximately 5 somites (G), 7 somites (H), 9 somites (I), 10.5 somites (J), 12 somites
(K), and 13.5 somites (L). By the end of the time lapse, EphA4MO cells in even-numbered rhombomeres have executed the cross-midline
division, whereas EphA4MO cells in r3 and r5 have retracted from the midline and sorted out of the center of the rhombomere. Brackets
indicate r3 and r5; arrowheads indicate cells that have crossed the midline in even-numbered rhombomeres; asterisks and dots indicate the
clearing of donor-derived cells from r3 and r5, respectively. Scale bars, 50 m.(pulsion and EphA4-dependent adhesion contribute to
wrhombomere-boundary formation remains unknown
wbecause eliminating EphA4 affects both processes. It
a
is possible that the two mechanisms are redundant with m
one another, so that in the absence of EphA4-depen- e
4dent repulsion boundaries could form by EphA4-
fdependent adhesion and vice versa. By elucidating the
omechanism of EphA4-dependent adhesion, we will be
Mable to selectively eliminate either EphA4-dependent
adhesion or EphA4-dependent repulsion and answer
Mthis important question.
M
a
Experimental Procedures w
w
Morpholino Injections s
Morpholino oligonucleotides from Genetools, Inc. were resus- e
pended in Danieau solution at the appropriate concentrations, and i
1 nl was injected into zebrafish embryos at the 1–4 cell stage. Two r
different EphA4MOs gave identical phenotypes in injected embryos t
and mosaics, whereas a control MO neither disrupted rhombomere b
boundaries nor caused cell sorting in mosaics. e
Morpholinos were as follows: EphA4TB (translation blocking) MO, z
AACACAAGCGCAGCCATTGGTGTC, 5 ng/nl; EphA4SB (splice d
blocking) MO, CGTTTGCTCACCAATGCCGATGACC, 5 ng/nl; ephrin- a
B2aTB MO, CGGTCAAATTCCGTTTCGCGGGA, 10 ng/nl; and con- b
trol MO, TGATAGGCAGCTTCGGTTGCGACAT, 2–10 ng/nl.
h
bRNA In Situs and Immunostaining
RNA in situs were performed essentially as described [43]. Whole m
tmount immunostaining was performed with the following antibod-
ies: anti-EphA4 [42], anti-ephrinB2a (R&D Biosystems), anti-Hu oMolecular Probes), and anti-DM-GRASP (zn-5) [16, 44]. Embryos
ere fixed in 4% paraformaldehyde overnight at 4°C. Embryos
ere permeablized with 10 g/ml proteinase K (Sigma), washed,
nd blocked with PBS, 1% DMSO, 0.1% triton (PBDT) containing 2
g/ml BSA, and 2% goat serum (or horse serum for anti-
phrinB2a) before incubation with primary antibody overnight at
°C in 1% goat serum or horse serum. Secondary antibodies were
luorochrome-conjugated Alexa Fluor 488 or 594 goat anti-mouse
r goat anti-rabbit IgG (or donkey anti-goat for anti-ephrinB2a;
olecular Probes).
osaic Analysis and Confocal Time Lapses
osaics were made by cell transplantation at early gastrula stages
s described [45]. Donor embryos were injected at the 1-cell stage
ith rhodamine dextran plus EphA4MO or control MO, and cells
ere transplanted from donor embryos into host embryos at the
hield stage (6 hpf). For some experiments, either the donor or host
mbryo carried the pGFP5.3 transgene [20], which expresses GFP
n r3 and r5 so that the distribution of donor cells could be accu-
ately determined in live embryos at 18 hpf. Alternatively, the posi-
ions of donor-derived cells were determined after RNA in situ hy-
ridization with krox20. For mRNA rescue experiments, donor
mbryos were coinjected with 5 ng EphA4MO, 600 pg full-length
ebrafish EphA4 mRNA, and 50 pg GFP mRNA as a tracer, and the
istribution of donor cells was determined by immunostaining with
n anti-GFP antibody (Torrey Pines Biolabs) after RNA in situ hy-
ridization with krox20 as described [7].
For confocal time-lapse analysis, host embryos were mounted
indbrain down at the 1–3-somite stage (11 hpf) in a 35 mm glass
ottom dish (World Precision Instruments) in a drop of 1.2% low-
elting-point agarose and were flooded with embryo medium con-
aining tricaine anesthetic (Sigma). Embryos were imaged at 25°C
n a Zeiss 510 confocal inverted microscope fitted with an xy-
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541motorized stage by using a 20× objective with a 1.3–1.5× zoom. 30
time points were taken at 15 min intervals; each time point included
30 z sections at 1.28 m intervals. The images shown in Figure 4
are projections of six z sections corresponding to a 7.7-m-thick
volume approximately 10-m deep to the dorsal surface of the
hindbrain neuroepithelium.
Supplemental Data
Supplemental Data include five figures and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/6/536/DC1/.
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